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CHEMO-DYNAMICS IN M31’S STELLAR HALO
CONSTRAINING THE NATURE OF THE GIANT STELLAR STREAM’S 
PROGENITOR 
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INSIGHTS INTO GALAXY FORMATION AND EVOLUTION FROM RESOLVED STELLAR HALOS 
WHAT WE CAN LEARN FROM STELLAR HALO OBSERVATIONS
PAndAs Starcount Map 
(McConnachie et al. 2018)
PAndAs Starcount Map 
(McConnachie et al. 2018)
Inner Halo: In Situ Population
• Constraints on Formation Avenues 
• Relative importance of in situ and accretion
Mass of Halo:
Comparing Observations 
with Simulated Halos
Tidal Debris Features: 
Recent Accretion 
Events
• Stellar properties of recently 
accreted satellites 
• Modeling of collision: time of 
accretion, mass of progenitor 
and host galaxy 
• Orbits of satellites
Global Properties: Accretion History 
• Luminosity Function, Time of Accretion of destroyed dwarf galaxy population 
• Relative Importance of major/minor mergers over time
Key Observables:  
stellar density, stellar 
velocities, chemical 
abundances, star 
formation histories
DECIPHERING ANDROMEDA’S MERGER HISTORY: SPECTROSCOPY
SPLASH SPECTROSCOPIC SURVEY OF ANDROMEDA
Over 20,000 M31 RGB spectra in 
disk, halo, and dwarf galaxies 
Medium-resolution spectra of 
more than 1500 M31 halo stars   
More than 50 spectroscopic fields 
throughout M31’s stellar halo  
roughly 1 in 100 targets in outermost 
halo fields are M31 stars 
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SPLASH Fields
Keck Telescopes
DECIPHERING ANDROMEDA’S MERGER HISTORY: INNER HALO AND DISK
TRACING THE STELLAR HALO INWARDS
Combine contiguous spectroscopic 
and photometric datasets 
SPLASH: spectra of > 5000 M31 Stars 
PHAT: imaging of > 100 Million M31 stars 
Model M31’s structural components 
from 4 kpc; Investigate dynamics as a 
function of stellar age
Dorman et al. (+KMG) 2013
Dalcanton et al. (+KMG) 2012
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Quirk et al. (+KMG) 2018
DECIPHERING ANDROMEDA’S MERGER HISTORY: RECENT ACCRETION EVENTS
SPECTROSCOPY IS CRUCIAL FOR 
RECONSTRUCTING RECENT 
ACCRETION EVENTS
~10% of mass in 
Andromeda’s stellar halo is 
in photometrically identified 
tidal streams 
imaging provides only tentative 
connections between 
substructures
PAndAs Starcount Map 
(McConnachie et al. 2018)
McConnachie et al. 2018 Degrees from M31’s Center
De
gr
ee
s f
ro
m
 M
31
’s 
Ce
nt
er
M31$
N185$ N147$
M33$
30$kpc$ 90$kpc$ 150$kpc$60$kpc$
N$
E$
M31$dSphs$
Giant$Southern$
Stream$
M31$Halo$Fields$
PAndAS$M31$Map$
(McConnachie$et$al.)$
Dwarf$Galaxy$Fields$
DECIPHERING ANDROMEDA’S MERGER HISTORY: RECENT ACCRETION EVENTS
Line of sight velocity distributions 
of stars
resolve spatially overlapping streams
discover faint streams
identify connections between 
photometric substructures 
K. M. Gilbert et al. 2009b
K. M. Gilbert et al. 2009b
CONSTRAIN THE ORBITS OF PROGENITORS
Velocity Distribution (km/s)
SPECTROSCOPY IS CRUCIAL FOR 
RECONSTRUCTING RECENT 
ACCRETION EVENTS
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DECIPHERING ANDROMEDA’S MERGER HISTORY: RECENT ACCRETION EVENTS
SPECTROSCOPY ENABLES DETAILED MODELING OF TIDAL STREAMS
Fardal et al. (+KMG) 2012
Progenitor stellar mass: 
~ LMC to M33
Disruption: ~ 750 Myr
M31’s mass:                    
M200 ~ 2 x 1012 Msun
SE Shelf
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Key Observables 
Line of sight 
velocities in W Shelf, 
SE Shelf, GSS 
Stellar density 
distribution 
Line of sight distance 
along the GSS 
Fardal et al. (+KMG) 2013
See also:  Fardal et al. 2006, 2007, 2008, 2012, 2013; Mori & Rich 
2008; Sadoun et al. 2014; Kirihara et al. 2014, 2017  
DECIPHERING ANDROMEDA’S MERGER HISTORY: GLOBAL PROPERTIES
SURFACE BRIGHTNESS AND METALLICITY PROFILES TO 180 KPC
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FROM SPECTROSCOPICALLY SELECTED M31 STARS
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DECIPHERING ANDROMEDA’S MERGER HISTORY: GLOBAL PROPERTIES
VELOCITY DISPERSION PROFILE TO HALF THE VIRIAL RADIUS
Simultaneously modeled all 
known MW and M31 
components
MW halo dispersion profile 
also relatively flat over a large 
radial range
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K. M. Gilbert et al., 2018
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DECIPHERING ANDROMEDA’S MERGER HISTORY: GLOBAL PROPERTIES
VELOCITY DISPERSION PROFILE TO HALF THE VIRIAL RADIUS
Simultaneously modeled all 
known MW and M31 
components
MW halo dispersion profile 
also relatively flat over a large 
radial range
Shallower profile than found 
in M31’s GC system Ve
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ALSO YIELDED FULL POSTERIOR PROBABILITY 
DISTRIBUTIONS FOR TIDAL STREAMS
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Tidal Debris Features: 
Recent Accretion Events
• Giant Stellar Stream related 
debris found throughout the 
inner halo
• Minor merger simulations 
indicate an LMC to M33 mass 
progenitor, disruption ~750 
Myr ago 
• Modeling full halo velocity 
distribution yields improved 
constraints on substructure 
kinematics and their 
uncertainties
Global Properties: Accretion History 
• Bulk of stellar mass: one to a few relatively massive (>109 M⊙) accretion events 
• M31 likely experienced a prolonged accretion history.  May require many recent low-mass accretions at large radii. 
• M31 likely has a more massive dominant progenitor and larger accreted stellar halo than the typical MW-mass galaxy
BUT… 
SIMULATIONS HAVE 
NOW PRODUCED 
GSS MORPHOLOGY 
WITH MERGER MASS 
RATIOS RANGING 
FROM 2:1 TO 300:1
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Tidal Debris Features: 
Recent Accretion Events
• Giant Stellar Stream related 
debris found throughout the 
inner halo
• Minor merger simulations 
indicate an LMC to M33 mass 
progenitor, disruption ~750 
Myr ago 
• Modeling full halo velocity 
distribution yields improved 
constraints on substructure 
kinematics and their 
uncertainties
Global Properties: Accretion History 
• Bulk of stellar mass: one to a few relatively massive (>109 M⊙) accretion events 
• M31 likely experienced a prolonged accretion history.  May require many recent low-mass accretions at large radii. 
• M31 likely has a more massive dominant progenitor and larger accreted stellar halo than the typical MW-mass galaxy
BUT… 
SIMULATIONS HAVE 
NOW PRODUCED 
GSS MORPHOLOGY 
WITH MERGER MASS 
RATIOS RANGING 
FROM 2:1 TO 300:1
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ABUNDANCES CAN BREAK THE DEGENERACY
LUMINOSITY FUNCTION OF ACCRETED 
SATELLITES
TIME OF ACCRETION
Image Credit Sanjib Sharma
Stellar Surface 
Density
Metallicity 
[Fe/H]
Alpha Element 
Abundances 
[훼/Fe]
Stellar luminosity
Time of infall
Stellar luminosity plus 
time since disruption
e.g., K. M. Gilbert et al. 2009a, Lee et al. 2015
DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ALPHA ABUNDANCES OF STREAMS CORRELATE WITH TIME OF INFALL
[힪/Fe] provides a clock 
First Star 
Formation
Core Collapse SNe – 
힪 element rich ejecta 
(e.g., Si, Ti, Ca, Mg)
Type Ia SNe – 
Fe rich ejecta
[힪
/F
e]
[Fe/H]
DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ALPHA ABUNDANCES OF STREAMS CORRELATE WITH TIME OF INFALL
[힪/Fe] provides a clock 
[힪/Fe] vs. [Fe/H] encodes 
the efficiency of star 
formation over time
First Star 
Formation
Core Collapse SNe – 
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ALPHA ABUNDANCES OF STREAMS CORRELATE WITH TIME OF INFALL
[힪/Fe] provides a clock 
[힪/Fe] vs. [Fe/H] encodes 
the efficiency of star 
formation over time
First Star 
Formation
Core Collapse SNe – 
힪 element rich ejecta 
(e.g., Si, Ti, Ca, Mg)
Type Ia SNe – 
Fe rich ejecta
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Vargas, K. M. Gilbert et al. 2014
DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
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BUILDING A STATISTICAL CENSUS OF CHEMICAL ABUNDANCES
Existing SPLASH data 
Coadd low SNR spectra 
Mean [Fe/H], [훼/Fe] abundances
New Spectroscopic Campaign 
Obtain deep data in strategic dSph and 
halo fields  
Distributions of [Fe/H], [훼/Fe] 
abundances
Extension of spectral synthesis 
method to lower resolution (R~3000)
Jennifer Wojno
Ivanna Escala
Evan KirbyNSF AST-1614569 (PI K. M. Gilbert) and AST-1614081 (PI Kirby)
Deep DEIMOS spectra completed
in progress
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Escala, Kirby, K. M. Gilbert et al. 2019
DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
CHEMO-DYNAMICS OF 
SUBSTRUCTURE
First alpha-element and 
iron abundance 
measurements in a field 
on the giant stellar stream 
Field contains GSS, M31 
halo, and a third 
substructure of unknown 
origin
K. M. Gilbert et al., subm. 
model from K. M. Gilbert et al. 2018
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
K. M. Gilbert et al., subm.
FIRST IRON ABUNDANCES IN GSS
Stars in GSS relatively metal-rich
Stars in the second kinematically 
cold peak, of unknown origin, 
have an extremely similar [Fe/H] 
distribution
Stars in halo component slightly 
more metal-poor
[Fe/H] [Fe/H]
Probabilistic [Fe/H] Distributions
Pr
ob
ab
ili
ty
 D
en
sit
y
Cu
m
ul
at
iv
e F
ra
ct
io
nGSS
?Halo
M31$
N185$ N147$
M33$
30$kpc$ 90$kpc$ 150$kpc$60$kpc$
N$
E$
M31$dSphs$
Giant$Southern$
Stream$
M31$Halo$Fields$
PAndAS$M31$Map$
(McConnachie$et$al.)$
Dwarf$Galaxy$Fields$
Velocity (km/s)
DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
K. M. Gilbert et al., subm.
FIRST ALPHA ABUNDANCES IN GSS
GSS experienced higher 
efficiency of star formation than 
surviving M31 dwarf satellites 
[Fe/H]
[힪
/F
e]
And V, VII: Kirby, K. M. Gilbert et al., in prep  
N185: Vargas et al. 2014
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
K. M. Gilbert et al., subm.
FIRST ALPHA ABUNDANCES IN GSS
GSS experienced higher 
efficiency of star formation than 
surviving M31 dwarf satellites 
PAndAS Starcount Map  
(McConnachie et al. 2018)
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Escala et al. 
(+KMG) 2019.
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
K. M. Gilbert et al., subm.
FIRST ALPHA ABUNDANCES IN GSS
GSS experienced higher 
efficiency of star formation than 
surviving M31 dwarf satellites 
GSS field more metal-rich than 
other halo stars
Inner halo 힪-enriched compared 
to outer halo?
PAndAS Starcount Map  
(McConnachie et al. 2018)
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ORIGIN OF UNKNOWN SUBSTRUCTURE
Line of sight velocities, CMD 
positions, and now iron and 힪-
element abundances suggest a 
physical connection to GSS
Minor merger scenario: extension of 
W shelf feature?
Fardal et al. (+KMG) 2013
PAndAS Starcount Map  
(McConnachie et al. 2018)
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DECIPHERING ANDROMEDA’S MERGER HISTORY: CHEMICAL ABUNDANCES
ORIGIN OF UNKNOWN SUBSTRUCTURE
Line of sight velocities, CMD 
positions, and now iron and 힪-
element abundances suggest a 
physical connection to GSS
Minor merger scenario: extension of 
W shelf feature?
Major merger scenario: superposed 
loops in plane oriented along the 
line of sight 
PAndAS Starcount Map  
(McConnachie et al. 2018)
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to MW !
M31$
N185$ N147$
M33$
30$kpc$ 90$kpc$ 150$kpc$60$kpc$
N$
E$
M31$dSphs$
Giant$Southern$
Stream$
M31$Halo$Fields$
PAndAS$M31$Map$
(McConnachie$et$al.)$
Dwarf$Galaxy$Fields$
M31$
N185$ N147$
M33$
30$kpc$ 90$kpc$ 150$kpc$60$kpc$
N$
E$
M31$dSphs$
Giant$Southern$
Stream$
M31$Halo$Fields$
PAndAS$M31$Map$
(McConnachie$et$al.)$
Dwarf$Galaxy$Fields$
Inner Halo: In Situ Population
• Significant population of stars that once 
belonged to the disk 
• An active recent accretion history 
impacting the disk
• In future: [Fe/H] and [힪/Fe] –  constrain 
origins of inner halo stars
Mass of Halo:  
• Modeling GSS disruption 
constrains virial mass
• In future: Independent 
measurement of mass from 
halo stars
• In future: [힪/Fe] and [Fe/H] 
abundances – identify 
associated debris to 
improve constraints on 
models
Tidal Debris Features: 
Recent Accretion Events
• Giant Stellar Stream related 
debris found throughout the 
inner halo
• Improved constraints on velocity 
distributions of tidal debris  
• Stars in GSS formed in a fairly 
massive (>109 M⊙), highly 
efficient star forming 
environment
• In Progress: [힪/Fe] and [Fe/H] 
abundances – constraints on 
environments in which stars 
formed
Global Properties: Accretion History  
• Bulk of stellar mass: one to a few relatively massive (>109 M⊙) accretion events.
• M31 likely experienced a prolonged accretion history.  May require many recent low-mass 
accretions at large radii
• M31 likely has a more massive accreted stellar halo than the typical MW-mass galaxy 
• In progress: line of sight [힪/Fe] and [Fe/H] abundances throughout halo− constrain 
luminosity function and time of accretion of destroyed dwarf galaxy population
THE FUTURE OF 
STELLAR HALO STUDIES
WIDE FIELDS AND EXPANDED 
SURVEY VOLUMES 
150 kpc
100 kpc
50 kpc
THE FUTURE OF STELLAR HALO STUDIES: WIDE FIELDS
WIDE FIELD SPECTROSCOPY IN ANDROMEDA
CURRENT SPECTROSCOPIC COVERAGE 
PAndAs Starcount Map
McConnachie et al. 2018
K. M. Gilbert & E. Tollerud, Astro2020 white paper
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WIDE FIELD SPECTROSCOPY IN ANDROMEDA
CURRENT SPECTROSCOPIC COVERAGE 
PAndAs Starcount Map
McConnachie et al. 2018
K. M. Gilbert & E. Tollerud, Astro2020 white paper
De
gr
ee
s f
ro
m
 M
31
’s 
Ce
nt
er
Degrees from M31’s Center
150 kpc
100 kpc
50 kpc
THE FUTURE OF STELLAR HALO STUDIES: WIDE FIELDS
WIDE FIELD SPECTROSCOPY IN ANDROMEDA
CURRENT SPECTROSCOPIC COVERAGE 
PAndAs Starcount Map
McConnachie et al. 2018
K. M. Gilbert & E. Tollerud, Astro2020 white paper
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THE FUTURE OF STELLAR HALO STUDIES: WIDE FIELDS
WIDE FIELD SPECTROSCOPY IN ANDROMEDA
CURRENT SPECTROSCOPIC COVERAGE 
PAndAs Starcount Map
McConnachie et al. 2018
K. M. Gilbert & E. Tollerud, Astro2020 white paper
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THE FUTURE OF STELLAR HALO STUDIES: WIDE FIELDS
WIDE FIELD SPECTROSCOPY IN ANDROMEDA
CURRENT SPECTROSCOPIC COVERAGE POTENTIAL WIDE FIELD MOS SURVEY COVERAGE 
PAndAs Starcount Map
McConnachie et al. 2018
K. M. Gilbert & E. Tollerud, Astro2020 white paper
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THE FUTURE OF STELLAR HALO STUDIES: WIDE FIELDS
WIDE FIELD HIGH RESOLUTION 
IMAGING IN ANDROMEDA
Contiguous deep imaging 
to ancient Main Sequence 
turnoff will be enabled 
over significant areas of 
halo with WFIRST 
Existing HST imaging to 
the old Main Sequence 
Turnoﬀ 
Brown et al. 2008, 2009
WFIRST Field of View
Extended Disk
11 kpc Minor Axis  
Halo Field
21 kpc
21 kpc Giant Stellar 
Stream Field
35 kpc
K. M. Gilbert & E. Tollerud, Astro2020 white paper
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
STELLAR HALOS IN THE LOCAL VOLUME
Combination of JWST, 30-m 
telescopes, WFIRST, and LUVOIR will:
Extend current day M31-like 
studies to galaxies throughout the 
Local Volume
Wide field studies of M31 will be 
crucial for correctly interpreting the 
stellar halo observations
JWST
WFIRST
TMT
LUVOIR
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
PRECISION STAR FORMATION HISTORIES
Weisz & Boylan-Kolchin, Astro2020 white paper
Imaging to the ancient main sequence turnoff
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
PRECISION STAR FORMATION HISTORIES
15m (~1000)
9m (~500)
4m (~150)
Weisz & Boylan-Kolchin, Astro2020 white paper
Imaging to the ancient main sequence turnoff
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
30-m MOS
Fig. from Weisz & Boylan-Kolchin, Astro2020 white paper
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
LUVOIR 15m PHAT
LUVOIR 9m PHAT
30-m MOS
Fig. from Weisz & Boylan-Kolchin, Astro2020 white paper
THE FUTURE OF STELLAR HALO STUDIES: EXPANDED SURVEY VOLUMES
LUVOIR 15m PHAT
LUVOIR 9m PHAT
WFIRST Resolved RGB imaging of halos
M81 Group
3.5 Mpc
30-m MOS
Fig. from Weisz & Boylan-Kolchin, Astro2020 white paper
Global Properties: Bulk 
Accretion History
Inner Halo: In Situ 
Population
Mass of Halo: 
Comparison with 
Simulations
Tidal Debris Features: 
Detailed reconstruction 
of Recent Accretion 
Events
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Mergers have played a significant role − at all radii − in crafting M31’s present-day 
morphology.  
Observations of resolved stars enable reconstruction of the build-up of individual 
stellar halos - and chemical abundances provide a key observational dimension.
Future wide field spectroscopy and deep imaging will revolutionize our 
understanding of M31’s halo and greatly increase the Nhalos we can characterize. 
